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Title of the Invention : Method and Apparatus for Producing Ammonium 
Diuranate Particles 

[CLAIMS] 

1 . A method for producing ammonium diuranate particles from a uranyl 
nitrate solution by external gelation, wherein a mist of an aqueous 
ammonia solution is sprayed to drops of the uranyl nitrate solution. 

2. The method according to claim 1, wherein the aqueous ammonia 
solution is a saturated aqueous ammonia solution. 

3. The method according to claim 1, wherein the mist is formed by 
an ultrasonic atomizer. 

4. The method according to claim 3, wherein the mist consists of 
droplets with an average diameter of 30 \im or less. 

5. An apparatus for producing ammonium diuranate particles from 
a uranyl nitrate solution by external gelation, comprising: dripping 
means for allowing the uranyl nitrate solution to fall in drops; a 
settling tank containing an aqueous ammonia solution for receiving 
the drops of the uranyl nitrate solution falling from the dripping 
means; and an atomizer, placed between the dripping means and the 
settling tank, for spraying a mist of an aqueous ammonia solution. 

6. The apparatus according to claim 5, further comprising a means 
for sending the aqueous ammonia solution from the settling tank to 
the atomizer. 
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[DETAILED DESCRIPTION OF THE INVENTION] 
[0001] 

[Technical Field] 

The present invention relates to a method for producing ammonium 
diuranate particles and an apparatus for producing ammonium diuranate 
particles used to carry out the method. More particularly, the present 
invention relates to a method for producing ammonium diuranate particles, 
capable of easily producing ammonium diuranate particles with high 
sphericity with a small-sized apparatus, and a simple-structured 
apparatus used in the method. 
[0002] 

[Background Art and Problems to be Solved by the Invention] 

Generally, ammonium diuranate particles are produced by the 
external gelation method, as shown in Figure 2. Drops 2 of a uranyl 
nitrate solution formed by dripping means 1 become true spheres due 
to their own viscosity and surface tension during their fall in a 
drop-forming zone 3. The drops in the shape of a true sphere further 
fall through an aperture 4 to a surface-gelling zone 6. They are 
completely gelled in a complete gelling zone, or an aqueous ammonia 
solution, and turn to ammonium diuranate particles. 
[0003] 

The sphericity of an ammonium diuranate particle completely 
depends on the sphericity of a drop of a uranyl nitrate solution at 
the point of time when the drop reaches and hits the surface of the 
aqueous ammonia solution. Deformed drops will never regain sphericity 
while they are in the complete gelling zone. Therefore the 
surface-gelling zone serves to sufficiently gel the surface of each 
drop with ammonia gas so that drops of a uranyl nitrate solution are 
able to endure the impact that occurs when they hit the surface of 
the aqueous ammonia solution and keep their sphericity. 
[0004] 

A common method of gelling the surface of drops is to allow the 
drops to pass through an atmosphere of a gelling agent such as ammonia. 
One conventional example of the method is to spurt ammonia gas from 
an ammonia gas-supplying inlet 16 to a layer of air to expedite the 
gelation of the surface of the drops. The falling velocity of drops 
just before they hit the surface of the aqueous ammonia solution is 
about 0.5 m/sec. or more under normal drop-forming conditions. Drops 
falling at this velocity draw air (or an inert gas) into their 
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surroundings, which forms a layer 17 of air around the falling drops 
2, as shown in Figure 2 . This layer of air hinders the drops from reacting 
with ammonia gas. Therefore it is necessary to spurt ammonia gas into 
the layer of air. 
[0005] 

The first defect of the method is that ammonia gas supplied in 
the state of a jet deforms the drops . Besides, the amount of used ammonia 
gas is increased, which enlarges an ammonia gas-recovering device that 
is used to prevent environmental pollution. As a result, the entire 
apparatus for producing ammonium diuranate particles is made larger. 
[0006] 

The second defect is that if the vertical distance of the 
surface-gelling zone is enlarged so that the surface of the drops is 
sufficiently gelled, the falling velocity of the drops when they hit 
the surface of the aqueous ammonia solution becomes larger, which 
increases the impact on the drops. Therefore even if the surface of 
the drops has been sufficiently gelled with ammonia gas, the increased 
impact may damage the sphericity of the drops. 
[0007] 

The present invention aims to solve the aforementioned problems. 
The objective of the present invention is to provide a method of producing 
ammonium diuranate particles, the method capable of producing ammonium 
diuranate particles with high sphericity using a small apparatus, and 
an apparatus for producing ammonium diuranate particles that can be 
used in the method. 
[0008] 

[Means to Sol ve the Problems] 

(The claims are repeated in this paragraph.) 

[0009] 

The present invention will be described in more detail in the 
following . 

(1) Uranyl Nitrate Solution 

The uranyl nitrate solution is prepared from a uranyl nitrate 
stock solution, pure water and a thickener. A uranyl nitrate stock 
solution may be obtained by dissolving U 3 Oe powder in nitric acid. The 
uranium content of the uranyl nitrate stock solution is normally from 
465 to 475 gU/liter. 
[0010] 

The thickener is added to make dripped drops of the uranyl nitrate 
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solution have the shape of a complete sphere due to their own surface 
tension and viscosity during their falling. Examples of the thickener 
may include polyvinyl alcohol resin, resins solidifying under alkaline 
conditions, polyethylene glycol , and Metolose. The resins solidifying 
under alkaline conditions may include those that solidify themselves, 
without any aids, in an alkaline atmosphere, such as an acid-neutralized 
product of polyvinyl acetal/N, N-dimethylamino acetate (product name: 
AEA, produced by SANKYO PHARMACEUTICAL CO.). The thickeners may be 
used singly or in combination thereof. 
[0011] 

The uranium content of the uranyl nitrate solution is normally 
from 100 gU/liter to 400 gU/liter, preferably from 120 to 250 gU/liter. 
The amount of the thickener is generally from 2 g/liter to 40 g/liter. 
When Metolose is used for the thickener, the amount is typically from 
4 to 10 g/liter. Also, this uranyl nitrate solution may further include 
additives such as a photodecomposition terminator and a surfactant 
to modify the surface tension of the stock solution. Examples of the 
photodecomposition terminator may include substances capable of 
preventing photodecomposition of the binder resin wherein uranium 
serves as a catalyst, such as tetrahydrof urf uryl alcohol (4HF). 
[0012] 

There is no special limitation on the method of preparing the 
uranyl nitrate solution . Normally, a thickener and pure water are mixed 
and an aqueous solution of the thickener is prepared in advance. The 
aqueous solution of the thickener is mixed with uranyl nitrate, and 
pure water is added to the resulting mixture to modify the concentration 
or the viscosity. 
[0013] 

(2) Method of Forming Drops of Uranyl Nitrate Solution 

Thei viscosity of a uranyl nitrate solution pirepared by the method 
explained above is adjusted to a suitable one when the solution is 
cooled to a predetermined temperature. Then, the solution is dripped 
from a dripping nozzle to an aqueous ammonia solution . The temperature 
to which the uranyl nitrate solution to be dripped is cooled is decided 
depending on the viscosity that the solution will have. For example, 
if the operator would like to keep the viscosity of the solution at 
70 to 100 cp, s/he should cool the solution to 18 to 20°C. 

[0014] 

There is no special limitation on the method of forming the uranyl 
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nitrate solution into drops. One example of the method is to vibrate 
a dripping nozzle with a small diameter by suitable means . The dripping 
nozzle may vibrate along its axis or along its diameter. The vibration 
frequency is typically from 40 to 200 Hz. The commonest frequency is 
150 Hz. The inner diameter of the dripping nozzle is normally from 
0.4 to 1.5 mm. The flow rate of the uranyl nitrate solution discharged 
from the dripping nozzle is typically from 15 to 30 cc/min. Under these 
conditions, drops each with a diameter of about 1.2 to 2.8 mm are formed 
with the dripping nozzle and fall from it . The dripping nozzle is placed 
so that the opening thereof is directed downward and faces an aqueous 
ammonia solution, which will be explained hereinafter. 
[0015] 

(3) Method of Gelling the Surface of Uranyl Nitrate Drops 

It is necessary that the surface of the drops of uranyl nitrate 
formed by the vibration of the dripping nozzle is sufficiently gelled 
during the process of falling through the space between the nozzle 
and the aqueous ammonia solution before the drops hit the solution, 
in order to prevent the drops from deforming at the time when they 
hit the solution. However, drops that have just left the vibrating 
nozzle are not in the shape of a complete sphere yet. Also, if the 
end of the vibrating nozzle contacts ammonia gas , it is instantly blocked 
up. Therefore a zone ranging from the nozzle down to a predetermined 
level should be in an inert atmosphere, such as in an atmosphere of 
nitrogen gas or air. 
[0016] 

According to the present invention, as means for gelling the 
surface of drops, a mist of an aqueous ammonia solution is sprayed 
to drops of the uranyl nitrate solution. There is no special limitation 
on the aqueous ammonia solution, which is a gelling agent, as long 
as it generates ammonia gas. Preferable examples of the aqueous ammonia 
solution are ammonia water and a heated aqueous hydrazine solution. 
The most preferable is saturate ammonia water. The concentration of 
the ammonia water is typically from 20% by weight to the saturation. 
[0017] 

The mist, which consists of droplets of the aqueous ammonia 
solution, is drawn into a layer of air or an inert gas. Generating 
ammonia gas, the droplets adhere to the drops and gel the surface thereof . 
The gel-like surface is made of an ammonium compound such as ammonium 
diuranate (ADU) produced by the conversion of a metal salt such as 
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uranyl nitrate by the reaction thereof with ammonia. The gelation of 
the surface of drops can be done much more effectively with the mist 
than with only ammonia gas. 
[0018] 

The smaller the diameter of droplets of the mist is, the more 
preferable they are. The reasons are that smaller droplets adhere to 
the surface of the drops more uniformly, and that the specific surface 
area of the mist in the aggregate becomes larger, which results in 
an increase in the amount of ammonia gas generated from the mist. If 
the droplets have a diameter of about 30 \im or less, they will be 
sufficiently effective . 
[0019] 

For the atomizer to generate the mist may be employed a 
compressed-gas atomizer or an ultrasonic atomizer. When a 
compressed-gas atomizer is used, the drops may be deformed by the jet 
of the compressed gas. On the other hand, when an ultrasonic atomizer 
is used, the atomizer may see slight heat generation at around the 
end of the ultrasound-generating nozzle. Therefore if an aqueous 
ammonia solution is supplied to an ultrasonic atomizer, more ammonia 
gas evaporates from the mist, which will further improve the efficiency 
of the gelation of the surface of drops. The ultrasonic atomizer is 
more appropriate to the method of the present invention. 
[0020] 

The flow rate of an aqueous ammonia solution to be sprayed as 
a mist is typically from one to three times, preferably from 2 to 2.5 
times, as large as that of the solution dripped from one vibrating 
nozzle. If the amount of the mist is smaller than that of the dripped 
solution, the high sphericity of the drops cannot be ensured. On the 
other hand, if the amount of the mist exceeds three times as large 
as that of the dripped solution, the aqueous ammonia solution will 
be wasted. 
[0021] 

The surface-gelling means of the present invention does not deform 
the drops. The reasons are as follows: A layer of air or an inert 
gas flows downward at essentially the same velocity as the drops. 
Therefore the mist drawn into the layer flows downward together with 
the layer of air or an inert gas. In other words, the drops that have 
passed by the atomizer further fall with the vapor-liquid two-phase 
flow of ammonia gas and the aqueous ammonia solution, whereby deformation 
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of the drops by the surface-gelling means can be prevented. 
[0022] 

(4) Settling Tank containing Aqueous Ammonia Solution 

The drops with their surface gelled fall to an aqueous ammonia 
solution stored in a settling tank, and are completely gelled while 
they are descending toward the bottom of the tank. The aqueous ammonia 
solution stored in the settling tank should preferably be the same 
as that sprayed as the mist. It is because this preferable embodiment 
makes it possible to use an aqueous ammonia solution in such a circulated 
manner that the aqueous ammonia solution is drawn from the settling 
tank through a transport tube with a pump, sent to the atomizer to 
be sprayed as a mist, and recovered in the settling tank. 
[0023] 

The ammonium diuranate particles thus completely gelled in the 
settling tank are washed with water, and ethanol or methanol , and further 
subjected to the steps of drying, calcining and sintering. The 
resultant is UO2 fuel kernels in the shape of a sphere. Each of these 
steps may be carried out by known methods. 
[0024] 

(5) Apparatus for Producing Ammonium Diuranate Particles 

The apparatus for producing ammonium diuranate particles 
according to the present invention is for carrying out the method 
explained hereinbefore. A schematic diagram of the apparatus is shown 
in Figure 1. I will further explain the invention in the following, 
referring to Figure 1. 
[0025] 

As shown in Figure 1, the apparatus for producing ammonium 
diuranate particles is equipped with dripping means for allowing the 
uranyl nitrate solution to fall in drops, and a settling tank 13. The 
dripping means has a dripping nozzle 1 for dripping a uranyl nitrate 
solution supplied from a uranyl nitrate solution supplying part that 
is not shown in the figure . The dripping nozzle 1 with a downward opening 
is placed vertically above the settling tank 13. The dripping nozzle 
1 is vibrated, for example horizontally by appropriate means so that 
drops adhering to the opening thereof are made to fall. 
[0026] 

The settling tank 13 is in the shape of a cylinder with a bottom 
and has an aperture 4 through which drops fall into the tank. A 
predetermined amount of an aqueous ammonia solution 12 is stored in 
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this settling tank 13. A pair of exhaust vents 5 facing each other 
is disposed in the lateral circumferential wall of the settling tank 
13 below the aperture 4 and above the surface of the liquid in the 
tank 13. Pipes are connected to the exhaust vents 5 and ammonia gas 
is discharged and collected through the pipes at such a flow rate that 
the atmosphere appropriate for the drops to fall through is not disturbed . 
The pipes are equipped with a vacuum pump, not shown in the figure, 
which serves to discharge ammonia gas through them. 
[0027] 

Atomizers 7 for spraying a mist of an aqueous ammonia solution 
to the drops are disposed in the lateral circumferential wall of the 
settling tank 13 below the exhaust vents 5 and above the surface of 
the aqueous ammonia solution 12 in the settling tank 13. For the 
atomizers 7 may be appropriately employed devices explained under the 
heading " (2) Method of Forming Drops of Uranyl Nitrate Solution." The 
atomizers shown in Figure 1 generate a mist by means of ultrasound. 
A transport tube 10 is connected to the lateral circumferential wall 
of the settling tank 13 at a part submerged in the aqueous ammonia 
solution. The aqueous ammonia solution 12 is drawn from the tank by 
a pump 11 and supplied to the atomizers 7. Also, a transport pipe 19 
is connected to the settling tank 13 . One end of the pipe 19 is connected 
to the bottom of the tank 13 and the other end to the lateral 
circumferential wall at an upper location of the part submerged in 
the aqueous ammonia solution . The aqueous ammonia solution flows upward 
from the bottom in the tank by a circulation pump 18. 
[0028] 

In the apparatus shown in Figure 1, the area from the dripping 
nozzle 1 to around the aperture 4 is named drop-forming zone 3, the 
area from around the aperture 4 to the surface of the aqueous ammonia 
solution 12 surface-gelling zone 6, and the area in the aqueous ammonia 
solution 12 complete gelling zone 14. 
[0029] 

The operation of the apparatus for producing ammonium diuranate 
particles shown in Figure 1 will be explained in the following. Drops 
of an ammonium diuranate solution are allowed to fall from the dripping 
nozzle 1 by the vibration thereof. The drop-forming zone 3, which is 
in an atmosphere of air or an inert gas, has a sufficient vertical 
length for the drops to be shaped into a complete sphere. Therefore 
even if the drops just after leaving the nozzle are not in the shape 
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of a complete sphere, the drops 2 are shaped into a true sphere while 
they are falling through the drop-forming zone. Ammonia gas is 
sufficiently evacuated through the exhaust vents 5 so as not to leak 
into the drop-forming zone 3 from the aperture 4 . This evacuation 
prevents the ammonia gas from reacting with drops that are not in the 
form of a true sphere yet and gelling the surface thereof, which results 
in deformation of the drops. The evacuation also serves to prevent 
the ammonia gas from acting on the opening of the dripping nozzle and 
blocking it. 
[0030] 

To the drops 2 having passed through the aperture 4 and entered 
the surface-gelling zone 6 is sprayed a mist 8 of an aqueous ammonia 
solution by the atomizers 7. Because the apparatus has two atomizers 
7, they are able to spray the mist 8 uniformly over the entire surface 
of the drops 2. Then, the drops 9 whose surface has been gelled fall 
to the surface of the aqueous ammonia solution 12, which is the complete 
gelling zone 14. Because the surface of the drops 2 is gelled with 
the mist 8 of the aqueous ammonia solution, the drops are not damaged 
by the impact that occurs when they hit the surface of the aqueous 
ammonia solution. The drops 9 whose surface has been gelled are 
completely gelled while they are descending in the aqueous ammonia 
solution 12 stored in the settling tank 13. Ammonium diuranate 
particles 15 are thus obtained. 
[0031] 

According to the present invention, an aqueous ammonia solution 
12 in the settling tank 13 is taken and sent to the atomizers 7 through 
the transport tube 10 by the pump 11 . The sprayed mist 8 of the aqueous 
ammonia solution is recovered in the settling tank 13. Therefore, the 
present invention, unlike conventional technology, does not require 
a separate supply of ammonia gas, which reduces the dimensions of an 
ammonia gas-recovering device communicating with the exhaust vents 
5. Also, the aqueous ammonia solution in the settling tank 13 is 
circulated through the transport pipe with the circulation pump 18 
and flows upward from the bottom in the tank, which prevents ammonium 
diuranate particles 15 from accumulating on the bottom and deforming 
from their own weight. 
[0032] 

The skilled artisan is able to determine the vertical length 
of the drop-forming zone 3, that of the surface-gelling zone 6, that 
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of the complete gelling zone 14, the location of the atomizers 7, and 
other geometric factors appropriately through experiments, considering 
the size of the drops, the diameter and amount of the droplets of the 
mist, and the like. 
[0033] 

The apparatus for producing ammonium diuranate particles 
according to the present invention is not limited to the one shown 
in Figure 1, but may be modified variously within thegistof the invention. 
For example, the apparatus may have several dripping nozzles, which 
may be accompanied by an increase in the number of the atomizers. 
[0034] 
[EXAMPLES] 

I will show a working example of the present invention in the 
following, which example places no limitation on the present invention. 
[0035] 

(Working Example 1) 

A uranyl nitrate solution with the uranium content of 250 g/liter, 
the concentration of polyvinyl alcohol resin as a high polymer of 30 
g/liter, and a viscosity of 92 cp (at 30°C) was prepared. Drops of 
the uranyl nitrate solution with a diameter of 2 . 1 mm were formed under 
the conditions where the vibration frequency of the dripping nozzle 
was 100 Hz and the amplitude was 0.36 mm. 

[0036] 

The drops were allowed to fall through the surface-gelling zone 
where a mist was sprayed under the following conditions . The used device 
was a ultrasonic atomizer (produced by SONOTEC; the inner diameter 
of the nozzle: 1.32 mm, frequency: 120 KHz), and the flow rate of 
an aqueous ammonia solution was 30 cc/minute . The droplets of the formed 
mist had an average diameter of 18 ym. I used two atomizers, so that 
the mist was generated at 60 cc/min. in total. 
[0037] 

The drops fell 35 cm from the lower end of the dripping nozzle 
to the surface of the aqueous ammonia solution. The falling velocity 
when the drops reached the surface was 3.5 m/second. The drops of this 
working example endured the impact that occurred when they hit the 
surface of the aqueous ammonia solution and kept their sphericity. 
Even when the conditions under which the drops were formed were changed 
so that the falling velocity when the drops reached the surface was 
as large as 8 . 7 m/second, the drops were able to keep their sphericity. 
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The acceptable maximum falling velocity when the drops reached the 
surface was about 4 m/second, when the surface of the drops was gelled 
by a jet of ammonia gas. These results show that the method employing 
a mist of an aqueous ammonia solution is more effective than conventional 
methods employing a jet of ammonia gas, in gelling the surface of the 
drops . 
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